DNA methylation is an important epigenetic mark in many eukaryotes [1] [2] [3] [4] [5] . In plants, 24-nucleotide small interfering RNAs (siRNAs) bound to the effector protein, Argonaute 4 (AGO4), can direct de novo DNA methylation by the methyltransferase DRM2 (refs 2, 4-6). Here we report a new regulator of RNA-directed DNA methylation (RdDM) in Arabidopsis: RDM1. Loss-of-function mutations in the RDM1 gene impair the accumulation of 24nucleotide siRNAs, reduce DNA methylation, and release transcriptional gene silencing at RdDM target loci. RDM1 encodes a small protein that seems to bind single-stranded methyl DNA, and associates and co-localizes with RNA polymerase II (Pol II, also known as NRPB), AGO4 and DRM2 in the nucleus. Our results indicate that RDM1 is a component of the RdDM effector complex and may have a role in linking siRNA production with pre-existing or de novo cytosine methylation. Our results also indicate that, although RDM1 and Pol V (also known as NRPE) may function together at some RdDM target sites in the peri-nucleolar siRNA processing centre, Pol II rather than Pol V is associated with the RdDM effector complex at target sites in the nucleoplasm.
DNA methylation is an important epigenetic mark in many eukaryotes [1] [2] [3] [4] [5] . In plants, 24 -nucleotide small interfering RNAs (siRNAs) bound to the effector protein, Argonaute 4 (AGO4), can direct de novo DNA methylation by the methyltransferase DRM2 (refs 2, 4-6) . Here we report a new regulator of RNA-directed DNA methylation (RdDM) in Arabidopsis: RDM1. Loss-of-function mutations in the RDM1 gene impair the accumulation of 24nucleotide siRNAs, reduce DNA methylation, and release transcriptional gene silencing at RdDM target loci. RDM1 encodes a small protein that seems to bind single-stranded methyl DNA, and associates and co-localizes with RNA polymerase II (Pol II, also known as NRPB), AGO4 and DRM2 in the nucleus. Our results indicate that RDM1 is a component of the RdDM effector complex and may have a role in linking siRNA production with pre-existing or de novo cytosine methylation. Our results also indicate that, although RDM1 and Pol V (also known as NRPE) may function together at some RdDM target sites in the peri-nucleolar siRNA processing centre, Pol II rather than Pol V is associated with the RdDM effector complex at target sites in the nucleoplasm.
The methylation status of some loci is under dynamic control, reflecting a balance between RdDM and active demethylation mediated by the ROS1 family of DNA demethylases [7] [8] [9] [10] [11] . Loss-of-function ros1 mutations cause DNA hypermethylation and transcriptional gene silencing (TGS) at these loci [7] [8] [9] [10] . In a forward genetic screen for Arabidopsis mutations that release TGS, we recovered recessive mutations that define a new component of RdDM, RDM1 (for RNA-directed DNA methylation 1). Silencing of the RD29A-LUC and 35S-NPTII transgenes in ros1-1 (ref. 7) was suppressed or partially suppressed by the rdm1 mutations ( Fig. 1a and Supplementary Fig. 1 ). Heavy methylation occurred at cytosines in all sequence contexts (CpG, CpNpG and CpNpN, where N represents A, T or C) at both the endogenous and transgene RD29A promoters in the ros1 mutant, but methylation was reduced markedly in the ros1 rdm1-1 plants ( Fig. 1b and Supplementary  Fig. 2 ). Compared to the wild-type and ros1 plants, ros1 rdm1-1 and rdm1-1 mutant plants had greatly diminished levels of RD29A promoter siRNAs (Fig. 1c ). The rdm1-1 mutation abolished or substantially reduced the levels of 24-nucleotide siRNAs from the Pol IV-and Pol V-dependent (type I) loci siRNA1003 (5S rDNA), AtSN1, AtGP1, AtMU1 and SIMPLEHAT2, but did not affect the small RNA levels of the Pol IV-dependent but Pol V-independent (type II) loci siRNA02 and cluster 2 ( Fig. 2a ). The rdm1-2 mutation also markedly reduced the level of siRNA1003 ( Supplementary Fig. 3a ). These results indicate that RDM1 is required for 24-nucleotide siRNAs from type I but not type II heterochromatic loci, similar to AGO4 and other components acting late in the RdDM pathway.
In wild-type and ros1 plants, AtSN1 elements are heavily methylated and resistant to HaeIII cleavage. The ros1 rdm1-1 and rdm1-1 plants, like nrpd1 plants, showed reduced methylation at AtSN1, such that no PCR amplification occurred following HaeIII digestion ( Fig. 2b) . Similarly, AtSN1 methylation was reduced in ros1 rdm1-2 compared to ros1 and the wild type ( Supplementary Fig. 3b ). For AtGP1, AtMU1 and AtLINE1, wild-type and ros1 mutants showed low levels of amplification following McrBC digestion, whereas ros1 rdm1-1, rdm1-1 and nrpd1 showed higher amplification ( Fig. 2b) , indicating that methylation levels at these loci are higher in the wild type and ros1 than in ros1 rdm1-1, rdm1-1 and nrpd1. Southern blot analysis shows that rdm1-1 reduces methylation at CpNpN sites of 5S rDNA ( Fig. 2c ). At three different loci (the retrotransposon AtSN1, the subtelomeric repeat MEA-ISR and the DNA transposon SIMPLEHAT2) tested by bisulphite sequencing, the rdm1-1 mutation blocked asymmetric cytosine (CpNpN) methylation but had little or no effect on CpG methylation. The rdm1-1 mutation also decreased CpNpG methylation at AtSN1 and MEA-ISR. The effect of rdm1-1 is similar to, or slightly stronger than, that of ago4-1 ( Fig. 2d and Supplementary Fig. 4a -c). Because asymmetric methylation cannot be maintained and thus reflects de novo methylation activities, these results indicate that RDM1 is critical for de novo DNA methylation. Consistent with their reduced DNA methylation status, real-time RT-PCR (PCR with reverse transcription) analysis shows that AtSN1, AtGP1, AtMU1 and AtLINE1 have higher expression levels in rdm1-1 mutant than in wild-type plants ( Fig. 2e ). RT-PCR analysis also indicated an increased expression of AtGP1 and AtMU1 in ros1 rdm1-2 ( Supplementary Fig. 3c ). As has been observed for nrpd1 and other mutants in the RdDM pathway 12 , the rdm1-1 mutant has a lower level of the ROS1 transcript ( Fig. 2e ). The Pol V-dependent transcript AtSN1-B is also substantially reduced in the rdm1-1 mutant (Fig. 2f) .
We mapped the rdm1-1 mutation using the loss-of-methylation phenotype at AtSN1, and identified a single-nucleotide substitution mutation in At3g22680 in rdm1-1 plants ( Supplementary Figs 5a  and 5b ). This mutation (from TAT to TAA) creates a premature Relative transcript level stop codon, thus truncating the protein at Tyr 152 ( Supplementary  Fig. 5c ). In rdm1-2, a 45-bp deletion in At3g22680 causes an in-frame deletion of 15 amino acid residues ( Supplementary Fig. 5c ). A T-DNA insertion mutant (FLAG_298G06) in the 59 untranslated region (UTR) of RDM1, rdm1-3 ( Supplementary Figs 5b and 6a) , also shows reduced DNA methylation at the AtSN1 locus (Supplementary Fig. 6b ). All three rdm1 mutations cause strong reductions in the RDM1 protein level ( Fig. 3a and Supplementary Fig. 6C ). Another mutant allele, rdm1-4, was recovered from an independent genetic screen for mutants defective in TGS ( Supplementary Fig. 7) . The rdm1-4 mutation also creates a premature stop codon (Supplementary Fig. 5b and c) . Transformation of a 3-kb wild-type genomic fragment of At3g22680 into ros1 rdm1-1 restored silencing of the LUC transgene ( Supplementary Fig. 5d ) and the levels of 24-nucleotide siRNAs and DNA methylation at the affected loci (Figs 1c and 2a-c) .
The effect of the rdm1 mutations on 24-nucleotide siRNAs and DNA methylation is similar to that of ago4, indicating that, like AGO4, RDM1 may function at a downstream step in RdDM. In the anti-Myc immunoprecipitate from Myc-AGO4-expressing plants, we detected RDM1 protein using anti-RDM1 antibodies (Fig. 3b ). RDM1 was also detected in the immunoprecipitate from Flag-DRM2-expressing plants but not from wild-type plants without Flag-DRM2 (Fig. 3c) . These results indicate that RDM1 associates with AGO4 and DRM2 in vivo. Interestingly, we found that RDM1 coimmunoprecipitates with NRPB1 of Pol II (Fig. 3d ), but not with NRPD1 of Pol IV (data not shown).
Immunostaining of RDM1 yielded fluorescence signals dispersed throughout the nucleoplasm without any preferential accumulation near the 49,6-diamidino-2-phenylindole (DAPI)-intensive chromocentres. A prominent signal was observed at the peri-nucleolar siRNA processing centre [13] [14] [15] (Fig. 4a) . The intensity of the immunosignals was considerably weaker in the rdm1-1 mutant (Fig. 4a, bottom row) , consistent with the reduced RDM1 protein levels in the mutant (Fig. 3a) . To ascertain whether RDM1 may be co-localized with other components of the RdDM pathway, we performed double-immunolocalization using the antibody specific to RDM1 in interphase nuclei from Arabidopsis transgenic lines expressing Flag-tagged NRPD1, NRPE1 (ref. 13) or DRM2, or Myc-tagged AGO4 (ref. 14) . Yellow signals occurring where red (NRPD1, NRPE1, AGO4 or DRM2) and green (RDM1) signals overlap show that RDM1 significantly overlaps with AGO4 and DRM2 in the nucleus (Fig. 4b ), in agreement with the co-immunoprecipitation between the proteins. The strong peri-nucleolar signals of NRPE1 and RDM1 also overlap, but little overlap between the two proteins is observed in the nucleoplasm.
There is also negligible overlap between RDM1 and NRPD1 signals (Fig. 4b) . In accordance with the co-immunoprecipitation between RDM1 and NRPB1 of Pol II, we found a substantial overlap between the two proteins in the nucleoplasm (Fig. 4c ). Furthermore, there is also a substantial overlap between AGO4 and NRPB1 signals in the nucleoplasm (Fig. 4c ). We found that the AGO4 interphase pattern is altered in the rdm1-1 mutant ( Supplementary Fig. 8 and Supplementary Table 1 ), indicating that AGO4 localization is dependent on RDM1. By contrast, NRPD1 and NRPE1 maintained their typical interphase localization patterns in the rdm1-1 mutant ( Supplementary Fig. 8 ).
RDM1 seems to be highly conserved in plants, as homologous sequences are present in monocots as well as dicots ( Supplementary  Fig. 5c and 9a, b) . This plant-specific protein has a novel fold in the protein structural space 16 . In the dimeric RDM1 structure (Supplementary Fig. 7) , each monomer has a hydrophobic pocket that binds a molecule of CHAPS (3[(3-cholamidopropyl)dimethylammonio]propanesulphonic acid), a detergent used in protein purification and crystallization 16 . Because CHAPS has a methyl group that seems to interact with RDM1, we tested whether RDM1 may bind to methylated DNA in electrophoretic mobility shift assays ( Supplementary Fig. 10 ). Recombinant histidine-tagged RDM1 protein seemed to bind a singlestranded methyl DNA oligonucleotide containing four meCpNpN sites, but there was less binding to an unmethylated DNA oligonucleotide of the same sequence ( Supplementary Fig. 10a-c) . Mutation of RDM1 Met 50 to Ala lessened the binding of the mutated RDM1 protein to the mCpNpN oligonucleotide ( Supplementary Fig. 10d ) and rendered RDM1 non-functional in plants ( Supplementary Fig. 11 ).
Chromatin immunoprecipitation results indicated that RDM1 is associated with RdDM target loci in vivo ( Supplementary Fig. 12 ).
Our results indicate that RDM1 functions with AGO4 in the effector complex of the RdDM pathway. As the de novo DNA methyltransferase 4 , DRM2 is expected to be part of the RdDM effector complex. We observed an association and co-localization between RDM1 and DRM2, thus supporting the idea that DRM2 is indeed part of the effector complex. RDM1 seems to bind single-stranded methyl DNA. Our finding that an RdDM effector protein is capable of binding methyl DNA may help to explain how siRNA production or amplification is controlled by DNA methylation 10, 13, 17, 18 . The RdDM complex may be recruited to methylated DNA through RDM1. AGO4 in the complex is known to have a slicer activity 19 , which presumably cuts Pol II and Pol V transcripts that are complementary to the initial trigger siRNAs. The cleaved transcript fragments could be copied by RDR2, and secondary siRNAs could then be generated by DCL3, allowing the production of more siRNAs at the methylated loci. The targeting of AGO4 to methylated DNA may also allow more efficient loading of the siRNAs generated from the methylated loci onto AGO4 to assemble into functional RdDM complexes. This suggestion is consistent with previous observations that siRNAs from already methylated DNA, but not from unmethylated DNA, can cause silencing of incoming non-methylated DNA 20 . As a single-stranded DNA-binding protein, RDM1 is expected to be found at sites of replication and/or transcription. The notion of RDM1 at sites of transcription is consistent with the involvement of DNA-dependent RNA polymerases Pol II, IV and V in RdDM 21 . Nascent transcripts generated by Pol V have been proposed to serve as scaffolds for recruiting the AGO4-containing RdDM effector complex by base-pairing with guide siRNAs 22 . So, it is possible that RDM1 may bind to single-stranded DNA at the sites of Pol V transcription. Some RdDM target sequences may be moved to the perinucleolar siRNA processing centre where RDM1 and Pol V are co-localized ( Fig. 4 ) and may interact 23 . RDM1 is required for Pol V transcripts, indicating that RDM1 may help recruit Pol V to RdDM target sites in the peri-nucleolar processing centre. Importantly, RDM1 does not co-localize with Pol V in the nucleoplasm, where some or the majority of RdDM target loci presumably reside. We propose that RDM1 in the nucleoplasm may bind to single-stranded DNA at the sites of Pol II transcription. This is supported by the interaction and co-localization between RDM1 and Pol II. Recently, it was found that Pol II has an important role in RdDM 21 . Our data showing AGO4 co-localization with Pol II in the nucleoplasm indicate that Pol II functions at the effector step of the RdDM pathway. By contrast, the interaction between Pol V and AGO4 seems to be restricted to the nucleolar processing centre because there is a lack of co-localization between Pol V and AGO4 in the nucleoplasm 13, 14 . The recently identified effector protein, KTF1, also co-localizes with AGO4 in the nucleoplasm 24 . It seems that there is a specialization of function between the scaffold transcriptproducing Pol II and Pol V at different steps and/or different target loci of RdDM.
METHODS SUMMARY
Mutant screening, RNA analysis, DNA methylation assays and co-immunoprecipitation experiments were carried out essentially as described previously 11 . Electrophoretic mobility shift assays were adapted from ref. 25 .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
